Abstract. Although a series of proteins in the brain have been shown to be qualitatively or quantitatively dysregulated following morphine administration, a systematic proteomic study has not been carried out so far. We therefore aimed to show the effect of morphine on protein levels in the rat brain. For this purpose rats were given a morphine base in subcutaneously placed pellets and subsequently the cerebral cortex, hippocampus and striatum were taken for proteomic studies after three days. Extracted proteins were run on twodimensional gel electrophoresis, scanned and quantified by specific software. Proteins with significantly different levels were analysed by mass spectrometry (MALDI-TOF-TOF). Twenty-six proteins were found to be differentially expressed and were unambiguously identified. Dysregulated proteins were from several protein pathways and cascades including signaling, metabolic, protein handling, antioxidant and miscellaneous classes. These findings represent an initial approach to the generation of a 'morphinome' and may form the basis for further protein chemical studies as a valuable analytical tool. Moreover, the study reveals morphine-regulated proteins in different brain areas and indicates the pathways involved following morphine administration in the rat, the main species for pharmacological studies in the field.
Introduction
In 1969 Oswald (1) began addressing human brain proteins, drugs and dreams, while Mackler and Eberwise subsequently approached this problem at the transcriptional level (2) . In this review the authors show addictive drug-induced changes in gene expression and indicate the need for research into the area.
In a more specific review, Harlan and Garcia have focused on the effects of drug abuse on immediate early genes in the forebrain addressing the importance of individual areas and discussed the possible biological significance of these transcripts (3). Torres and Horowitz (4) summarized reports on activation of signal transduction pathways that in turn regulate gene expression in the brain. Morphine-induced changes of gene expression in the brain have been recently reviewed by Ammon-Treiber and Hollt (5) who reported on gene expression profile studies of morphine-responsive genes, influences on metabolism, chaperones, transcription factors and the protein synthetising machinery and major receptor systems. Jacobs and coworkers finally contributed the dimensions of regional and temporal specificity of drug-induced gene expressional changes at the gene level (6) . Only recently Kim and coworkers (7) carried out a proteomic systematic study on phosphotyrosyl proteins in morphine-dependent rat brains.
A more general systematic approach to carry out protein hunting in control versus morphine-treated rat brain areas has not yet been performed and this formed the rationale for our studies. We aimed to differentiate between brain protein levels in three areas known to be affected by morphine treatment in the rat, using well-established proteomic methodology (8) (9) (10) (11) (12) involving two-dimensional gel electrophoresis, quantification of protein spots and unambiguous identification of protein spots by MALDI-TOF-TOF. A series of dysregulated structures was observed and new morphine-responsive proteins were revealed and some changes obtained at the transcriptional level were confirmed at the protein level.
Materials and methods

Animals and treatment.
Male Wistar rats obtained from a local distributor (HZL, Warsaw, Poland), weighing 150-200 g were used in the experiments. Animals were housed in groups of five per cage, under a 12/12-h light/dark cycle in an airconditioned room. Water and standard food (Bacutil, Motycz, Poland) were freely available to the housed rats. Morphine dependence was induced by subcutaneous implantation of pellets containing 75 mg of morphine base, according to the modified procedure reviewed in ref. 13 . Pellets were implanted in the animals' necks under light ether anaesthesia. Control animals received placebo (physiological saline 0.9 % NaCl) instead of morphine.
Ethical requirements.
All experiments were performed in agreement with the respective Polish and European Communities Council Directives (86/609/EEC), and were approved by the local ethics committee (permission no.
367/2002).
Tissue excision. Animals were sacrificed by decapitation 3 days after implantation of pellets. Brains were removed and placed on a dry ice cooled plate. Cerebral cortex, hippocampus and striatum were taken and verified by histology. Pairs of each kind of tissue were placed in Eppendorf tubes (Eppendorf, Hamburg, Germany) and immediately frozen on dried ice. Tissues were stored at -80˚C.
Two-dimensional gel electrophoresis.
In total, six striata, six hippocampi and six cerebral cortex tissues dissected from control rats were subjected to 2-D gel electrophoresis. The same amount of material obtained from morphine exposed animals was processed.
Tissues were powderized in liquid nitrogen and suspended in 1 ml of sample buffer consisting of 7 M urea, 2 M thiourea, 4% CHAPS, 10 mM dithiothreitol (DTT), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and a mixture of protease inhibitors (Roche Diagnostics, Mannheim, Germany). When sonicated (5x4 sec), the suspension was left at room temperature for 1 h and centrifuged at 14,000 x g and 120˚C for 60 min. Ultrafree-4 centrifugal filter units (Millipore, Bedford, MA, USA) were used for sample desalting. Protein content was determined by the Bradford method. 2-DE was performed essentially as reported by Yang et al (9) . Approximately 0.8 mg protein was applied on immobilized pH 3-10 nonlinear gradient strips. Focusing was started at 200 V and the voltage was gradually increased to 8000 V at 4 V/min and kept constant for 3 h (approximately 150,000 V/h in total). After the first dimension, strips (13 cm) were equilibrated for 15 min in the buffer containing 6 M urea, 20% glycerol, 2% SDS, 2% DTT and then for 15 min in the same buffer containing 2.5% iodoacetamide instead of DTT. The seconddimensional separation was performed on 9-16% gradient sodium dodecyl sulfate (SDS) polyacrylamide gels. The gels (180x200x1.5 mm) were run at 40 mA per gel. Once fixated in 50% methanol and 10% acetic acid for 12 h, the gels were stained with colloidal Coomassie blue (Novex, San Diego, CA, USA) for 8 h. Molecular masses were determined by running standard protein markers (Bio-Rad Laboratories, Hercules, CA, USA) covering the range 10-250 kDa. pI values were used as given by the supplier of the immobilized pH gradient strips (Amersham Bioscience, Uppsala, Sweden). Excess dye was washed from the gels with distilled water. Next, gels were scanned with Image Scanner (Amersham Biosciences, Piscataway, NJ, USA).
Statistical gel image analysis and protein quantification.
Proteomweaver software (version 3.0, Definiens AG, Munich, Germany) was used for gel image analysis and protein quantification. In total 36 gels, twelve gels for each brain structure, six for the control and six for the morphine group, were examined. All well resolved spots were analyzed and quantified. Student's t significance of regulation was used to determine the differentially expressed proteins. The level of significance was set at P<0.05.
In-gel digestion of proteins, MALDI-TOF and MALDI-TOF/
TOF mass spectrometry. Visualized spots representing differentially expressed proteins were picked from the gels and prepared for matrix-assisted laser desorption/ionization mass spectrometrical analysis.
Spots were excised with a spot picker (PROTEINEER sp™, Bruker Daltonics, Leipzig, Germany) and placed into 96-well microtiter plates. Then in-gel digestion and sample preparation were performed by an automated procedure (PROTEINEER dp™, Bruker Daltonics) (14) . Briefly, all selected spots were excised and washed with 10 mM ammonium bicarbonate and 50% acetonitrile in 10 mM ammonium bicarbonate. Next, gel plugs were shrunk by addition of acetonitrile and dried by blowing out the liquid through the pierced well bottom. The dried gel pieces were reswollen with 40 ng/μl trypsin (Promega, Wisconsin, USA) in enzyme buffer (containing 5 mM Octyl ß-D-glucopyranoside (OGP) and 10 mM ammonium bicarbonate) and incubated for 4 h at 30˚C; 10 μl of 1% TFA in 5 mM OGP served for peptide extraction. Extracted peptides were directly applied onto a target (AnchorChip™, Bruker Daltonics) loaded with ·-cyano-4-hydroxy-cinnamic acid (CHCA) (Bruker Daltonics) matrix thinlayer. Ultraflex™ TOF/TOF (Bruker Daltonics) used for mass spectrometrical analysis operated in the reflector for MALDI-TOF peptide mass fingerprint (PMF) and LIFT mode for MALDI-TOF/TOF using FlexControl™ software. An accelerating voltage of 25 kV was used for PMF.
[M+H]
+ ions of angiotensin I, angiotensin II, substance P, bombesin, and adrenocorticotropic hormones (clip 1-17 and clip 18-39), were used for external calibration of the instrument. At least 200 consecutive laser shots were accumulated in order to produce one spectrum. Samples analyzed by PMF from MALDI-TOF were additionally analyzed using LIFT-TOF/TOF MS/MS. For several protein spots, automatic analysis did not provide satisfactory results (f.ex. low score, lack of MS/MS data) and manual spectra acquisition was also performed. In the TOF1 stage, all ions were accelerated to 8 kV under conditions promoting metastable fragmentation. Once jointly migrating parent and fragment ions were selected in a timed ion gate, ions were lifted by 19 kV to high potential energy in the LIFT cell. PMF and LIFT spectra were interpreted using the MASCOT search engine (Matrix Science, London, UK). Database searches, through Mascot, using combined PMF and MS/MS datasets were performed via BioTools 2.2 software (Bruker). A mass tolerance of 25 ppm, 1 missing cleavage site for PMF and MS/MS tolerance of 0.5 Da and 1 missing cleavage site for MS/MS search were allowed, carbamidomethylation of cysteine and oxidation of methionine residues were considered. Since human and mouse genomes are better annotated than rats' and more protein sequences are included in the databases, a wider taxonomy setting was used while performing database search. The probability score calculated by the software was used as criterion for correct identification. The algorithm used for determining the probability of a false positive match with a given mass spectrum is described elsewhere (15).
Results
Quantitative analysis of two-dimensional gel sets, performed for cerebral cortex, hippocampus and striatum of morphine administered rats and controls, resulted in identification of morphine-dependent protein expression. Six gels from controls were compared to six gels from rats with morphine. In total, 36 gels were analyzed with Proteomweaver ® controlled by manual inspection. The average number of protein spots on gels was approximately 1000. Spots that were well-separated to enable quantification were analyzed by mass spectrometry. The Student's t-test was applied for comparing groups and a level of P<0.05 was considered significant. Twenty-seven protein spots: 8 from the cerebral cortex, 5 from the hippocampus and 14 from the striatum were shown to be significantly different between the morphine-treated and the control group. Mass spectrometrical analysis resulted in identification of 26 distinct proteins. In the protein pattern obtained from hippocampus two isoforms of Lon protease were observed. 
Discussion
Cerebral cortex
Proteins with abundance higher than in morphine-treated rats. The protein similar to isoform of WD-repeat protein 1 is a member of the family of WD proteins, consisting of highly conserved repeats usually ending with Tryp-Asp(WD) and implicated in a variety of cellular functions including transmembrane signalling, transcription, cell division, cell-fate determination, vesicle fusion and apoptosis (16). Among other functions, WD family members are related to signalling pathways as e.g. the PKC system (17) that in turn has been shown to be dysregulated by morphine-administration. A translocase of outer mitochondrial membrane 70 homolog A (TOM70) contains the tetratricopeptide (TPR) motif that in turn plays a role in cell-cycle regulation, transcriptional repression, the stress response, protein folding, protein kinase inhibition, neurogenesis, mitochondrial and peroxisomal transport (18). Aberrant expression of this protein may therefore represent or lead to mitochondrial or peroxisomal damage in morphine-induced brain damage and aberrant levels of TOM70 were shown in brains of a dementing neurodegenerative disease with mitochondrial damage.
Proteins with abundance lower than in morphine-treated rats.
A number of metabolic enzymes including those from glycolysis, citric acid cycle, energy metabolism, the respiratory chain, and amino acid metabolism were shown to be morphinedependently regulated in the rat. Malate dehydrogenase 2 is the only protein revealing significantly increased phosphorylation in morphine-treated animals (7). Cytosolic malate dehydrogenase, a member of the citric acid cycle catalysing the interconversion from malate to oxaloacetate was relatively increased in the rat exposed to morphine (19). This is in agreement with our finding and may suggest modulation of the intermediary metabolism by morphine administration, although the biological consequence remains elusive. Deranged levels of 4-aminobutyrate aminotransferase (GABA aminotransferase), however, may be of particular interest as they are known as a main component of the GABA shunt. In chronic morphine exposure Prokai described down-regulation of this structure in rat forebrain (19). Vinnitskaia and coworkers reported that morphine administration led to decreased cortical GABA and glycine levels that may help to explain morphine's excitatory effects (20). Furthermore, opiate reinforcement has been proposed to be mediated by inhibition of mesolimbic GABA release that in turn stimulates ventral tegmental area dopaminergic neurons (21). The aldo-keto reductase family 7 (herein represented by member A2, AKR7a2) includes a number of K + ion channel ß chain regulatory domains and a number of related monomeric NADPH-dependent oxidoreductases. The AKR7 sub-family is able to catalyse reduction of toxic aldehydes, including ·-unsaturated carbonyl compounds, to alcohols (22). When morphine leads to mitochondrial damage, generation of toxic aldehydes may be expected and increased AKR7a2 expression may serve for detoxification of these products. The role of the A2 protein in morphine-dependent mechanisms has not been addressed so far but members of the AKR family are constitutively associated with protein kinase C displaying 25 PKC consensus phosphorylation sites indicating modulation of a major signaling system. Cytochrome c oxidase is a component of the respiratory chain complex and major player in the mitochondrial redox system. Decreased levels in morphine-treated rats may be seen in the light of the nitric oxide system: Morphine-induced NO release causes partial inhibition of the respiratory chain function at the level of cytochrome c oxidase (7, 23 ). This in turn is consistent with morphine effects on mitochondrial function. Reduction of ATP synthase ß chain levels may represent impairment of energy production by morphine: this compound was already proposed to decrease ATP levels as well as the energy charge potential (24) and ATP synthase ß chain precursor was already detected among phosphotyrosyl-proteins in morphinedependent rats (7) . Phosphatidylethanolamine-binding protein (PEBP) has been reported as a 23-kDa morphine-binding protein (synonym; HCNPpp) binding ATP, opioids and phosphoethanolamine and increasing production of choline acetyltransferase. Moreover, it binds lipids, interacts with membrane signaling machinery and functions as a precursor protein of bioactive brain neuropeptides, hippocampal cholinergic neurostimulating peptide (HCNP) and Raf kinase inhibitor protein (25,26). Down-regulation of PEBP has been described to result in altered coordination of signal transduction pathways contributing to neuronal dysfunction in patients with Alzheimer's disease. A single administration of morphine led to a significant decline in choline acetyltransferase activity in several brain areas probably linking PEBP with cholinergic impairment (27).
Hippocampus
Proteins with higher abundance in morphine-treated rats. Heat shock cognate 71-kDa protein (HSC70) is a key element of the chaperone machinery and functions in folding and refolding in an ATP-dependent manner (28). Higher steady state levels of HSC70 in morphine-treated rats may be a consequence of morphine-induced impaired glucose homeostasis and Table I . Differentially expressed proteins of cerebral cortex, hippocampus and striatum in morphine-exposed vs. control rats.
- 
Proteins with lower abundance in morphine-treated rats. In addition to morphine-induced mitochondrial protein deficits as shown above and below a major regulator of multiple mitochondrial functions, Lon protease, was down-regulated in morphine-treated hippocampus. It acts as a protease and a chaperone and promotes assembly of cytochrome c oxidase subunits. Dysregulation of this structure may lead to apoptosis by caspase 3 activation (32) and induction of apoptosis by morphine is a well-documented effect (33). Although mechanisms of neuronal apoptosis, following morphine administration, remains unclear, one may propose mitochondrial deficits as a mechanism to be taken into consideration (34).
Striatum Proteins with higher abundance in morphine-treated rats.
Changes of metabolic elements were also observed in this brain region: increased L-lactate dehydrogenase catalysing conversion of L-lactate to pyruvate, the last step in anaerobic glycolysis again may contribute to metabolic changes following morphine administration.
The V1 subunit of H + transporting ATPase is responsible for acidification of a variety of intracellular compartments in eukaryotes. Up-regulation of this protein was observed in rat forebrain after chronic morphine administration and we report this effect in the acute phase (19). Kim and coworkers reported increased tyrosine phosphorylation in morphine-dependent rat brain that would indicate increased levels and increased activation of this ATPase probably reflecting or leading to altered acid-base balance (7). This is in agreement with the results of Ela and coworkers showing that morphine leads to induction of acidosis in cardiomyocytes (35).
Morphine-induced cytoskeleton changes were also revealed herein: F-actin capping protein, ß subunit, is crucial for cellular and organelle movements and regulating several transport systems (36), a function shared with dynamins. Dynamin 1-like protein is a member of the dynamin family that in turn belongs to the G-protein superfamily clan. Both, GTPase and PH domains of the family may determine the basic functions. Information on the protein is limited and we cannot assign a clear function.
Derangement of dynamin 1-like levels by morphine may be seen in the context of the morphine-mediated cytoskeleton changes reported by Ziolkowska and coworkers (37).
Proteins with lower abundance in morphine-treated rats.
Metabolic alterations known to occur by morphine administration were also reflected in this area. 3-mercaptopyruvate Table I . Continued.
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The identified proteins are designated by their SWISS-PROT accession number. Score is -10log(P), where P is the probability that the observed match is a random event (MASCOT, http://www.matrixscience.com). c Fac. 1; regulation factor is the ratio of intensities of the spots present on protein profiles of morphine-exposed rats in comparison to control group. d t-test; Student's t significance of regulation is the correction factor for the standard deviation. The test is based on the natural logarithm of the intensities.
sulfurtransferase catalyses the transfer of a sulfur ion to cyanide or other thiol compounds and serves for thiosulfate biosynthesis. One may speculate that this enzyme is involved in the morphine-induced alteration of the redox system (Bhat). Both common forms of superoxide dismutase (SOD) catalysing the dismutation of superoxide into molecular oxygen and hydrogen peroxide were down-regulated in striatum of morphine-treated rats. It is not clear whether down-regulation of SODs plays a pathogenetic role for neuronal apoptosis in morphine but mitochondrial deficits may very well lead to increased active oxygen species. The report that oxidative stress is observed in heroin abuse does not answer the question of whether it is causative or simply a consequence of cell death (38). The redox imbalance due to the mitochondrial deficit, however, may point to the generation of active oxygen species but it is currently not clear why SODs show reduced levels and we may only conclude that these enzymes are under morphine control. In contrast, reduction of the · isoform of ATP synthase is in agreement with previous work showing that morphine alters the energy metabolism (24) and triosephosphate isomerase is also a key enzyme in energy metabolism (39,40). The reduction in its levels may be seen in the context of morphine-induced impaired energy metabolism.
The reduction of Endoplasmic reticulum protein Erp29 levels may be relevant for protein misfolding as Erp29 is considered a chaperon (41). Dysregulation of chaperones has been described previously at the mRNA level and herein we reveal morphine-dependent regulation of Erp29 with probable consequences on folding of secreted proteins in the EPR (42).
Protein handling may be deranged as well as a proteasome element and a heterogeneous nuclear ribonucleoprotein were dysregulated. Proteasome subunit ß type 7 was decreased in the striatum of morphine-treated animals and indeed the proteasome system is affected by this drug. Mouledous (43) proposed that the ubiquitin-proteasome pathway plays a role in altering the neuronal balance of heterotrimeric G-proteins and adenylate cyclases and is therefore evoking dependence during long-term administration of opiates.
At least, the disturbed concerted action, e.g. altered stoichiometry of this proteolytic system, could be modulating protein handling in general and likewise, changing levels of heterogeneous nuclear ribonucleoprotein A1 may be interfering with physiological protein handling probably also by interaction with neuroprotective apoE (36).
Neuroadaptive changes in signal transduction following opioid exposure are mediated by protein kinase(s) C. It is a signaling structure known to be involved in the development of cellular and molecular adaptation to opioid exposure and mediates phosphorylation of opioid receptor proteins, their corresponding G-proteins and several related effector proteins resulting into opioid receptor desensitization (44). Li observed enhanced PKC activity with decreased protein levels in spinal cord cytosol and membrane fractions following morphinetreatment while Cerezo observed up-regulation of PKC in hippocampus and limbic forebrain (29,17). This may not be a contradiction as different areas were studied, different experimental conditions were given and the effect of posttranslational modification, e.g. phosphorylation for activation of PKC has to be considered. In agreement with the present study Prokai and coworkers demonstrated decreased levels of PKC using ICAT and LC/ESI-MS (19).
A multitude of steady state protein level changes following morphine have been shown, with some already reported and therefore a part can be considered confirmative. Many elements from different cascades and pathways, however, have never been described before in context with morphine administration and are presenting novel data.
Dysregulation of specific proteins may only point to deranged function and our findings encourage the study of functional proteomics and their functional effects when upor down-regulated. The biological meaning of altered levels may simply reflect or lead to pathophysiological phenomena of morphine administration. This proteomic approach to start a preliminary database of morphine-regulated proteins may also provide an analytical basis for scientists working in neuroproteomics in opiate systems. Further studies will show whether protein derangements are specific for morphine and whether the protein changes observed will turn out to be specific 'biomarkers'. Supplementary Table II . A brief description of cerebral cortex, hippocampus and striatum proteins identified in morphine dependence. Supplementary Table II. Continued. Supplementary Table II. Continued. 
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